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Summary 

A  distinct  sequence  of  sorption  of  different  bacterial  types  has  been 
observed  both  on  glass  slides  and  electron  microscope  grids  immersed  in 
seawater  for  periods  of  up  to  24  hours.  A  comparison  of  the  bacterial 
groups  initially  attracted  to  a  surface  with  those  subsequently  adhering 
firmly  to  the  surface  suggests  a  selective  irreversible  sorption  of  certain 
groups  of  marine  bacteria.  Firm  adhesion  of  bacteria  in  the  short  time 
periods  considered  does  not  involve  pili  or  holdfast  structures.  The 
ability  to  produce  extracellular  polymeric  fibrils  may  be  important  in 
such  selective  sorption. 


Introduction 


The  formation  of  primary  microbial  films  on  surfaces  immersed  in  sea¬ 
water  is  believed  by  many  investigators  to  be  a  prerequisite  to  fouling  by 
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bit rr.uc  Lcs  anti  other  invertebrate  larvae  (see  Wood,  1967;  Corpe,  1970a). 

Such  films  have  been  variously  described  as  being  predominantly  bacterial, 
algal  or  diatom  films,  but  these  observations  have  been  made  on  surfaces 
Immersed  in  seavater  for  several  days  or  even  much  longer  periods. 

It  is  important  to  obtain  information  on  the  organisms  responsible  for 
the  primary  colonisation  of  surfaces,  since  these  primary  colonizers  probably 
modify  the  surface  properties  of  the  materia)  immersed  in  the  seawater.  Any 
modification  to  the  surface  may  render  it  more  amenable  to  colonization  by 
other  groups  of  microorganisms.  Implicit  in  this  proposal  is  that  certain 
bacteria  are  selectively  serbed,  and  that  by  modification  of  the  sorption 
surface  a  distinct  succession  of  types  sorbing  might  be  expected.  Zvyagintsev 
(1959)  has  noted  the  selective  sorption  to  glass  surfaces  of  soil  bacteria. 

The  aim  of  the  present  investigation  was  to  determine  if  selective 
sorption  of  bacteria  occurs  at  ahort  times  of  immersion  of  surfaces  in 
seawater,  and  whether  specialized  attachment  appendages  were  advantageous 
to  bacteria  initially  adhering  to  a  surface. 

Methods 

Sorption  to  glass  surfaces:  Slides  were  immersed  in  seawater  samples  under 
laboratory  conditions  at  25°,  the  water  being  stirred  slowly  with  a  mag¬ 
netic  stirrer.  At  regular  intervals,  duplicate  slides  were  removed  from 
the  water,  washed  several  times  with  2.5°/o  NaCl,  and  examined  under  a  phase- 
contrast  microscope.  Where  detailed  counts  were  made  the  bacteria  were 
divided  into  5  categories:  A,  small  rods  (less  than  0.8|i  long);  B,  large 
rods  (greater  than  G.8(i  long);  C,  cocco-bacilli ;  D,  curved  rods  (vibrio 
and  spiral  forms);  E,  stalked  bacteria  (caulobacters  and  hyphomicrobia) . 
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At  toast.  10  random  fields  were  counted  on  each  of  the  duplicate  slides  at 
c.’itii  campling  period. 

SLudies  on  the  sorption  of  pure  cultures  to  surfaces  (Marshall,  Stout 
and  Mitchell,  1970)  have  indicated  two  distinct,  phases  in  the  sorption 
process  which  may  be  described  as  the  reversible  and  irreversible  phases. 

A  co-pnrison  has  been  made  of  the  population  of  cells  initially  attracted 
to  a  glass  surface  (reversibly)  with  that  finally  adhering  firmly  to  the 
surface  (irreversibly).  Reversible  sorption  was  examined  by  running  small 
samples  of  seawater  under  glass  coverslips  supported  on  slides  by  broken 
pieces  of  coverslips,  The  samples  were  allowed  to  stand  for  15  to  30  min. 
prior  to  microscopic  examination.  This  allowed  those  calls  not  attracted 
to  the  coveralip  surface  to  fall  away  from  the  field  of  view  by  gravitational 
force.  Counts  were  made  of  the  5  categories  of  bacteria  detailed  above. 
Irreversible  sorption  was  determined  on  slides  immersed  in  the  9eawater 
samples  for  lU  hrs.,  prior  to  rinsing  with  2.3°/o  NaCl.  The  seawater 
samples  were  collected  at  different  times  and  stored  under  a  variety  of 
conditions . 

Sorption  to  electron  microscope  grids:  Nickel  grids  with  collodion-carbon 
films  were  immersed  directly  in  the  sea  at  Winthrop,  Massachusetts  or  in 
freshly  collected  seawater  samples  in  the  laboratory.  In  some  instances, 
grids  were  inserted  in  lucite  boxes  designed  to  prevent  bacteria  at  the  air- 
water  interface  from  sorbing  to  the  grids.  This  precaution  was  not  necessary, 
since  such  bacteria  did  not  firmly  sorb  to  surfaces  and  were  washed  off  in 
subsequent  treatments.  At  each  sampling  time,  duplicate  grids  were  removed, 
fixed  in  2.5°/o  formaldehyde  in  2.5°/o  NaCl  for  30  min.  (Hodgkiss  and  Shewan, 
1968),  dried,  rinsed  with  distilled  water  to  remove  soluble  salts,  and  dried 
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prior  to  negative  staining  with  phonphotungstate  (Bradley,  1962)  or  shadowing 
with  gold-pall*' dium  (60o/o  gold:40°/o  palladium). 


Results 

Electron  microscope  observations 

Bacteria  were  found  on  grids  after  one  hr.  immersion  in  seawater,  and 
numbers  on  the  grids  increased  with  increasing  irmerslon  time.  Regardless 
oi  whether  the  grids  were  immersed  in  the  sea  or  in  seawater  under  laboratory 
conditions,  the  predominant  cells  were  conventional  rod-shaped  bacteria. 

Most  cells  had  rough  surface  features  (PI.  1,  figs.  1  and  2)  and  often 
possessed  distinct  electron-dense  polar  bodies  (Pi.  1,  fig.  3).  Many  cells 
were  extremely  small  (PI.  1,  fig.  4),  while  some  curved  (PI.  1,  fig.  5)  and 
spiral  (PI.  1,  fig.  6)  cells  were  found. 

Specialized  attachment  appendages  (pill,  holdfasts)  were  not  found  on 
meat  bacteria  sorbing  in  periods  of  up  to  24  hrs.  Some  bacteria  produced 
extracellular  polymeric  strands  that  might  be  of  significance  in  the  irrever- 
alble  sorption  of  the  cells  to  surfaces  (PI.  2,  figs.  7  and  8).  After  24 
hrs.  immersion,  a  few  stalked  bacteria,  mostly  hyphomicrobia,  were  found 
(PI.  2,  fig.  9).  Individual  pear-shaped  cells  resembling  "swarmer"  cells 
of  the  hyphomicrobia  sometimes  were  observed  (Pi,  2,  fig.  10).  This  suggests 
that  such  swarmer  cells  may  sorb  rapidly,  but  that  growth  of  stalks  and 
buds  is  not  obvious  until  much  later. 

Sequence  of  sorption  on  glass  surfaces 

Preliminary  examination  of  slides  immersed  in  seawater  indicated  that 
some  rod-shaped  bacteria  were  sorbed  within  one  hr.  Coccoidal  and  spiral 
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s  generally  were  observed  after  6  to  8  hrs.  Some  stalked  bacteria  were 
found  after  24  hrs.  and  constituted  a  significant  fraction  of  the  population 
after  several  days. 

A  more  detailed  est invite  of  the  numbers  of  different  groups  of  bacteria 
sorbed  to  glass  surfaces  up  to  24  his.  is  presented  in  Fig.  1.  Stalked 
bacteria  were  not  observed  during  the  period  of  the  test.  The  total  numbers 
of  the  other  categories  generally  increased  with  increasing  time,  the  small 
rods  being  predominant  at  all  sampling  times.  However,  the  proportion  of 
small  rods  in  the  total  sorbed  population  decreased  at  24  hrs.,  while  the 
proportions  of  the  large  and  curved  rods  increased  (?ig.  2).  This  result 
suggests  that  small  rods  are  rapidly  sorbed  following  immersion  of  slides 
in  the  seawater.  In a  rates  of  sorption  of  the  other  types  are  slower,  and 
may  be  favoured  by  prior  sorption  of  the  small  rods. 

Selectivity  of  bacterial  sorption 

The  results  presented  above  do  not  indicate  whether  selection  in  the 
sorption  process  is  in  the  initial  attraction  of  cells  to  a  surface  or  in 
the  subsequent  firm  adhesion  phase.  In  a  comparison  of  bacterial  types 
reversibly  and  irreversibly  sorbed  from  a  range  of  different  seawater  samples, 
some  consistent  trends  in  the  selective  colonization  of  surfaces  were  observed 
(Fig.  3).  The  results  show  the  percentage  of  cells  in  each  category  irrever¬ 
sibly  sorbed  plotted  against  the  percentage  reversibly  sorbed.  Selectivity 
in  the  firm  adhesion  of  bacteria  to  the  glass  surface  is  shewn  by  any  point 
above  the  diagonal  line  in  Fig.  3,  It  is  obvious  that  rod-shaped  bacteria 
predominate  in  these  different  seawater  samples,  and  that  there  is  a  selective 
irreversible  sorption  of  the  short  rods.  A  more  random  spread  of  points  is 
indicated  for  the  curved  rods  and  cocco-bacilli,  suggesting  that  any  selective 
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The  results  presented  suggest  that  the  mere  attraction  of  marine  bacteria 
to  a  glass  surface  does  not  guarantee  that  all  of  the  bacteria  will  firmly 
adhere  to  the  surface.  It  appears  that  the  group  designated  as  small  rods 
possesses  some  selective  advantage  over  other  bacterial  groups  in  the 
irreversible  sorption  to  surfaces.  This  advantage  might  result  from  a 
superior  ability  to  metabolize  and  multiply  in  the  low  nutrient  environment 
of  natural  seawater,  or  it  might  be  related  to  extracellular  polymeric  fibril 
production  (Friedman,  Dugan,  Pfister  and  Remsen,  1969).  The  significance 
of  growth  and  polymer  production  in  the  sorption  process  is  considered  in 
detail  elsewhere  (Marshall,  Stout  and  Mitchell,  1970).  Although  pill  have 
been  observed  on  marine  bacteria  (Hodgkiss  and  Shewan,  1968),  it  Is  unlikely 
that  such  appendages  arc  of  significance  in  those  bacteria  responsible  for 
the  primary  colonization  of  surfaces. 

The  apparent  succession  of  bacterial  types  colonizing  a  surface  may 
suggest  an  alteration  of  the  test  surface  by  those  bacteria  initially  sorbed. 
This  could  result  from  the  release  of  nutrients,  surface  active  agents  or 
extracellular  polymeric  materials  (Corpe,  1970b).  Under  Such  conditions, 
those  microorganisms  sorbing  to  a  surface  after  the  initial  colonization  by 
other  bacteria  may  be  adhering  to  a  very  different  surface  to  that  encountered 
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by  the  initial  group  of  bacteria. 

Stalked  bacteria  have  been  reported  on  surfaces  in  freshwater  environ¬ 
ments  (Henrici  and  Johnson,  1935;  Tylc.  and  Marshall,  1967).  Corpe  (1970a) 
has  noted  large  numbers  of  stalked  bacteria  on  rlidcs  immersed  in  aeaw^ter. 
The  results  reported  here  confirm  Corpe 's  observations  that  such  bacteria 
ate  a  regular  component  of  microbial  surface  films  formed  in  marine  environ¬ 
ments.  However,  stalked  bacteria  may  not  be  responsible  for  the  initial 
colonization  of  surfaces. 

Tills  work  was  supported  by  grant  N0001-'  -67-A-029S-0U26  from  the  U.S. 
Office  of  Naval  Research.  Ue  would  like  to  thank  Mr.  G.  Pearce  for  assis¬ 
tance  with  the  elei  iron  microscopy  and  photography. 
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Explanation  of  Plates 


Plate  1 


Figure  1.  Rough  surface  features  of  bacterium  on  grid  immersed  in  sea 
at  Winthrop  for  6  hrs.  Negatively  stained. 

Figure  2 .  As  for  Figure  1,  but  grid  immersed  for  2  hrs. 

Figure  3.  Long  rod  with  prominent  electron-dense  polar  bodies. 

Grid  immersed  for  3  hrs.  in  Woods  Hole  seawater  in  the 
laboratory.  Unshadowed. 

Figure  4.  Very  small  coccoidal  cell  on  grid  immersed  in  ea  at  Winthrop 
for  1  hr.  Negatively  stained. 

Figure  5.  Group  of  curved  rods  with  prominent  surface  features.  Grid 
immersed  for  24  hrs.  in  Nahant  seawater  in  the  laboratory. 
Negatively  stained. 

Figure  6.  Spiral  bacterium  on  grid  immersed  in  sea  at  Winthrop  for  J  hr. 
Shadowed. 


Figure  7.  Rods  with  extracellular  polymeric  fibrils  and  distinct  polar 
bodies.  Grid  immersed  in  Woods  Hole  seawater  in  the 
laboratory  for  1  hr.  Shadowed. 

Figure  8.  Group  of  cells  showing  polymeric  fibrils  binding  cells  to 

surface  and  to  each  other.  Grid  immersed  in  Nahant  seawater 
in  the  laboratory  for  <J4  hrs.  Shadowed. 

Figure  9.  Pear-shaped,  stalked  hyphomicrobium  and  rod-shaped 

bacterium.  Grid  immersed  in  Nahant  seawater  in  the  laboratory 
for  24  hrs.  Shadowed. 

Figure  10.  Pear-shaped  cell  resemblirq  nwarmer  of  hyphomicrobium. 

Grid  immersed  in  sea  at  Winthrop  for  1  hr. 
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Figure  1.  Numbers  of  various  groups  of  bacteria  irreversibly  sorbed  to 

glass  slides  immersed  in  seawater  in  the  laboratory.  O - O  . 

small  rods;  0  0  ,  large  rods;  ^  (i  .  cocco-bacilli; 

□ - □  ,  curved  rods.  Stalked  bacteria  not  observed. 
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PERCENT  OF  TOTAL  SORBED  POPULATION 


%  OF  TOTAL  NO.  CELLS  SORBED  REVERSIBLY 


Figure  3.  Selective  sorption  of  bacteria  from  10  different  seawater 

samples.  A  comparison  of  the  percentage  of  bacterial  types 
reversibly  sorbed  with  those  irreversibly  sorbed.  Symbols 
as  in  Figure  1. 
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Summary 

T yio  phases  In  the  process  of  sorption  of  roarlne  bacteria  to  surfaces 
have  been  defined  as  (a)  an  instantaneous  reversible  phase,  and  (b)  a  time- 
dependent  irreversible  phase. 

Reversible  sorption  of  the  non-motlle  Achrcmobarter  sp.  strain  R3 
decreases  to  zero  as  the  electrolyte  concentration  decreases,  or  as  the 
Liilckness  of  the  electrical  double-layer  increases.  The  electrolyte  con¬ 
centration  at  which  all  bacteria  are  repelled  from  the  glass  surface  depends 
on  the  valency  of  the  electrolyte.  The  reversible  phase  of  sorption  is 
interpreted  in  terms  of  the  balance  between  the  electrical  double-layer 
repulsion  energies  at  different  electrolyte  concentrations  and  the  van  der 
Waalc  attractive  energies.  Even  at  the  electrolyte  concentration  of  sea¬ 
water,  the  bacteria  probably  are  held  at  a  small  but  finite  distance  from 
the  glass  surface  by  a  repulsion  barrier.  The  rotational  motion  of  the 
motile  Pseudomonas  sp.  strain  R3  at  a  liquid-glass  interface  in  considered 
in  terms  of  the  concept  of  reversible  sorption. 
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lc  i  .  proposed  tli  vt  irreverr.lble  sorption  results  from  the  repulsion 

bu trier  h'.-ing  overcome  by  polymeric  bridging  between  cho  bacterial  and 

p.luas  surt  i'.'-'C .  Evidence  is  prof.ent.cd  for  the  production  of  polymeric 

fibrils  by  i*>i»udop,oi».,is  R3  in  an  artificial  seawater.  Sorption  and  polymer 

production  aio  stimulated  by  very  low  levels  of  glucose  (7  mg/1),  but  higher 

2+ 

levels  of  glucose  Inhibited  irreversible  sorption.  Deletion  of  both  Ca 
2+ 

and  Mg  irom  the  artificial  seawater  prevented  growth,  polymer  production, 
and  sorption  to  surface,'!  by  Pseudomcnaa  R3. 

Introduction 

The  sorption  of  bacteria  to  surfaces  is  a  general  phenomenon  encountered 
in  natural  environments  with  important  ecological  implications  (Wood,  1967; 
Marshall,  1970).  Primary  microbial  film  formation  on  surfaces  immersed  in 
seawater  Is  considered  by  some  investigators  to  be  a  prerequisite  to  fouling 
by  larger  organisms  such  as  barnacles  (Wood,  1967).  The  mechanism  whereby 
marina  bacteria  aorb  to  surfaces  has  received  scant  attention.  ZoBell  (1943) 
suggested  that  once  bacteria  are  attracted  to  a  surface  firm  attachment 
requires  an  Incubation  period  of  several  hours.  He  attributed  this  delay 
to  the  need  for  the  synthesis  of  extracellular  adhesive  materials.  Recently, 
Corps  (1970a)  has  reported  tho  production  of  an  extracellular  acid  polysaccharide 
l»y  a  primary  film- forming  bacterium,  Pseudomonas  atlantica.  Glass  slides 
coated  with  this  polymer  became  fouled  with  microorganisms  more  rapidly 
than  uncoated  slides.  Corps  (1970b)  has  reviewed  the  current  literature  on 
the  attachment  of  bacteria  to  surfaces  immersed  in  marine  environments. 

Since  the  average  marine  bacteria  are  almost  of  colloidal  site,  the  aim 


of  the  present  investigation  was  to  combine  a  study  of  some  of  the  colloidal 
and  biological  properties  of  pure  cultures  of  marine  bacteria  to  obtain 
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Information  on  processes  involved  in  the  sorption  of  such  bacteria  to 
Surfaces . 


Definition  of  Phaat ‘3  of  Sorption 

Our  studies  have  confirmed  ZoBell's  (1943)  suggestion  that  sorption 
consicts  of  two  phases.  The  bacteria  first  were  attracted  to  a  surface, 
and,  after  a  period  of  several  hours,  some  bacteria  become  firmly  attached 
to  tho  surface.  For  convenience  these  phases  arc  defined  as  follows: 

1.  Reversible  sorption  is  sn  essentially  inotantaneous  attraction  of 
bacteria  to  a  surface.  Such  bacteria  are  held  weakly  near  tha  surface, 
they  still  exhibit  Brownisn  motion,  and  they  are  readily  removed  by  washing 
the  surface  with  2.5°/o  NaCl. 

2.  Irreversible  sorption  involves  the  firm  adhesion  of  bacteria  to 

the  surface,  they  no  longer  exhibit  Brownian  motion,  and  they  are  not  removed 
from  the  surface  by  washing  with  2.5°/o  NaCl.  Irreversible  sorption  of 
bacteria  from  natural  seawaters  appears  to  be  a  selective  process  (Marshall, 
Stout  and  Mitchell,  1970). 

Methods 

Organisms .  The  bacteria  used  in  this  investigation  were  a  motile 
Pseudomonas  sp.  strain  R3  and  a  non-motile  Achromobacter  sp.  strain  R8. 

Both  organisms  were  isolated  from  a  glass  surface  that  was  immersed  in 
natural  seawater  for  one  hr.,  rinsed  several  times  in  sterile  2,5°/o  NaCl, 
plated  on  an  artificial  seawater  agar,  and  incubated  for  24  hr.  at  25°C. 
Pseudomonas  R3  requires  a  high  salt  (2.5°/o  NaCl)  medium,  while  Achromobacter 
R8  grown  equally  well  in  both  high  and  low  salt  media. 
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v**rr. ...,'rpt  icm.  The  behaviour  of  Che  motile  Pseudomonas 
It.,  jiqi-i  interim  e;i  was  examined"' by  preparing  movie  films  (Kodak 

•4-x  r.’.crs.’l  i  i  *  *.•  typo.  12!  i'  of  the  b.u.reria  viewed  at  the  plane  of  a  cover- 
slip  by  phase-  contrast  microscopy.  Detailed  examination  of  the  movie  films 
made  possible  a  reasonable  interpretation  of  the  curious  gyratory  motions 
observed  with  motile  bacceiia  at  such  interfaces.  The  maximum  velocity 
of  rotilo  cells  of  Pseudomonas  R3  was  determined  by  the  motility  tracking 
method  of  Vaituzia  and  Ooetsch  (1969). 

The  effect  of  electrolyte  concentration  on  reversible  sorption  was 
investigated  using  Achromohncter  R8.  As  well  as  being  non-motile,  this 
organism  grew  in  low  salt  media  and  could  be  used  at  very  low  electrolyte 
concentrations  without  causing  cell  lysis.  R8  was  grown  on  nutrient  agar 
(Difco)  at  25°  for  24  hrs.  After  washing  the  cells  twice  in  distilled  water, 
allguots  of  the  cell  suspension  were  mixed  with  equal  volumes  of  a  range  of 
concentrations  of  KaCl  or  IfeSO^,  .  Drops  of  the  resulting  suspensions  were 
run  under  coverslips  supported  above  slides  by  broken  coverslip  pieces. 

The  preparations  were  allied  to  stand  for  30  mins,  to  allow  those  cells 
not  sorbed  at  the  liquid-glass  interface  to  fall  from  view  by  gravitational 
force.  This  procedure  simplified  the  enumeration  of  those  cells  attracted 
to  the  coverslip  surface.  The  same  technique  was  employed  to  investigate 
the  effect  of  divalent  cations  on  the  rc .ersible  sorption  of  Pseudomonas  R3. 

Studies  of  irreversible  sorption.  All  tests  of  irreversible  sorption 
were  made  by  iranersiug  glass  slides  in  sn  appropriate  medium  inoculated  with 
Pseudomonas  R3.  Duplicate  slides  were  removed  at  regular  intervals,  rinsed 
thoroughly  with  2.5°/o  IJaCl,  and  the  previously  immersed  area  of  the  slide 
covered  with  a  coverslip.  Counts  were  made  of  cells  firmly  sorbed  (not 
exhibiting  Brownian  motion)  of  at  least  10  fields  on  both  slides.  All 
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counts  are  expressed  ur.  tic  number  o(  culls  curbed  per  coi  '  of  glass  uurface. 

The  media  used  were  either  2, b^/o  KnCl  or  an  artificial  seawater  (A8W) 
as  suggested  by  T.  Waite  of  the  following,  composition  (g/l)  :  HH^Cl,  0.0007; 
HaCl,  24;  KC1,  0.6;  MgSO^-ZI^O,  5;  .«JrC12  *6^0,  3.6;  CaC12,  0.3;  NaNO-j, 

0.1;  KH2P04,  0.01;  FeCl2,  0.001;  Trie  HCl,  5.32;  Tris  Base,  1.97;  P u 

trace  metals,  10  mis.  The  trace  met  als  was  prepared  as  follows  (g/1)  : 
dinodium  ethylenc-diaminotetracetic  acia  (EDTA),  FeCl^,  0.01;  H^BO^,  0.2; 
MnCl^,  0.04;  ZnCl^,  0.005;  CoCl^,  0.001.  Modifications  of  these  media  are 
detailed  in  the  Results  section 

Pseudomonas  113  was  inoculated  on  large  slopes  oi  nutrient  .agar  (Difco) 
containing  2 ,5°/o  NaCl,  and  normally  incubated  for  24  hra.  at  25°.  The  bacteria 
were  washed  once  in  2.5°/o  NaCl  before  being  inoculated  into  the  test  medium 
to  give  a  final  concentration  of  between  1  and  10  x  10^  bacteria/ml. 

For  electron  microscope  studies  of  irreversibly  sorbed  bacteria,  nickel 
grids  (collodion-carbon  films)  were  immersed  directly  in  the  medium  containing 
Pseudomonas  R3.  The  grids  were  removed  after  one  hour,  fixed  in  2.5°/o 
formaldehyde  in  2.5°/o  NaCl  (Hodgkiss  and  Sbewan,  1968)  for  30  mins.,  dried, 
rinsed  in  distilled  water,  and  dried  prior  to  shadowing  with  gold-palladium 
alloy  (60°/o  gold  -  40°/o  palladium). 

Results 

Motility  and  reverslblle  sorptlcn  of  Pseudomonas  R3 

Pseudomonas  R3  i#  a  motile  rod  possessing  a  single  polar  flagellum 
(Plate  1,  Fig.  1).  In  common  with  most  motile  bacteria,  this  organism  ex¬ 
hibited  a  peculiar  rotational  behaviour  at  a  liquid-glass  interface.  From 
a  careful  study  of  movie  films  of  this  phenomenon,  these  observations  were 
made.  Motile  bacteria  may  be  sorbed  at  the  pole  of  the  cells  (an  edge-to-fnee 


■  .  on)  nrd,  by  virtue  of  t  he  motive  force  of  the  flagella,  the  cells 

rotate  violently  around  the  fixed  pole  (li".  la).  If  sorbed  in  a  face-to- 

face.  P'  - uion  (l  ie.  lb),  motile  bacteria  rotate  In  either  direction  in  a 

prope] lei-like  fashion.  Motile  bacteria  occasionally  break  away  from  the 

surface,  and  often  were  found  to  sorb  at  another  point  on  the  surface.  Any 

non-mot i lo  cells  arc  sorbed  in  a  face-to-face  position  (Fig.  lc)  and  show 

only  lirowulan  motion.  Both  motile  and  non-mottle  cells  were  readily  desorbed 

by  washing  the  glens  surfaces  in  2.5°/c  NaCl. 

In  view  of  the  importance  of  physical  forces  operative  between  the 

bacterial  and  glass  surfaces  (6ee  Discussion),  an  estimate  of  the  kinetic 

energy  of  motile  R3  cells  was  made.  The  maximum  velocity  of  R3  cells  was 

made.  The  maximum  velocity  of  R3  cells  was  found  to  be  33p/oec.  Assuming 
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an  average,  cell  mass  of  10  g,  then  the  kinetic  energy  of  a  motile  cell 
•  18 

is  16.5  x  10  ergs. 

Effccc  of  medium  composition  on  Irreversible  sorption  of  Pseudomonas  R3 

As  reported  below,  the  irreversible  sorption  of  R3  is  affected  by  the 
presence  or  absence  of  divalent  cations  in  artificial  seawater  (ASW).  However, 
the  results  in  Table  1  show  that  the  deletion  of  divalent  cations  from  ASW  + 
glucose  at  7  mg/1  (ASWG)  does  not  influence  the  numbers  of  bacteria  initially 
attracted  to  the  glass  surface. 

Effect  of  electrolyte  concentration  on  reversible  sorption  of  Achromobacter  F.3 
A  comparison  was  made  of  the  Initial  attraction  of  cells  of  Achromobacter 
R8  in  different  concentrations  of  both  monovalent  and  divalent  electrolytes 
(Fig,  2).  The  number  of  cells  reversibly  sorbed  increases  as  the  electrolyte 
concentration  increases  or  as  the  thickness  of  the  electrical  double  layer 
decreases.  The  theoretical  thickness  of  the  dif'use  double-layer  (1/K)  was 
calculated  from  the  expression: 
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K  -  0.32  7  x  I08  Z\Jc 

where  2  ■  valency  and  c  ■  molar  concentration  of  electrolyte.  This  expression 
holds  for  aqueous  solutions  of  symmetrical  electrolytes  at  25°  (Shaw,  1966). 

Cells  are  reversibly  sorbed  at  lower  concentrations  of  a  divalent 
electrolyte  (KgSO^)  than  of  a  monovalent  one  (NaCl),  an  effect  clearly  related 
to  the  greater  compression  of  the  double-layer  in  the  divalent  system  at 
comparable  concentrations.  In  both  electrolyte  systems,  all  the  bacteria  are 
repelled  from  the  surface  when  the  value  of  1/K  exceeds  about  200  X.  This 
result  suggests  that  the  initial,  reversible  attraction  of  bacteria  to  a 
surface  depends  on  the  relative  magnitude  of  the  double-layer  repulsion 
energy  at  different  electrolyte  concentrations  in  comparison  with  the  van  der 
Waals  attraction  energy. 

Effocc  of  glucose  on  the  Irreversible  sorption  of  Pseudomonas  R3 

Irreversible  sorption  of  R3  from  2.5°/o  NaCl  or  ASM  media  was  compared 
with  sorption  from  these  media  enriched  with  7  mg.  of  glucose/1.  Thia  glucose 
level  is  the  equivalent  of  the  average  carbon  level  found  in  natural  seawaters. 
Sorption  va 8  negligible  from  NaCl,  but  appreciable  from  ASW  (Fig.  3).  The 
addition  of  glucoac  stimulated  sorption  from  both  media.  Electron  micro¬ 
scope  grids  suspended  In  the  ASW  and  ASWG  treatments  revealed  the  presence 
of  very  fine  extracellular  polymeric  fibrils  on  bacteria  sorbed  from  ASW 
(Plate  1,  Fig.  2),  while  bacteria  sorbed  from  ASWG  showed  much  greater  pro¬ 
duction  of  such  fibrils  (Plate  1,  Fig.  3). 

Since  low  levels  of  glucose  stimulate  6orption  and  polymer  production 
by  Pseudomonas  R3  ,  the  effects  of  higher  levels  of  glucose  were  investigated. 


Although  the  growth  of  R3  was  stimulated  by  higher  levels  of  glucose  (Fig.  4), 
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lv;  C' i.  i  slblc-  liiupt  Ion  of  the  bacturin  from  ASWG  (.30  mg/1)  and  ASWG  ( ’0  m;;/l) 
was  Inhibited  completely  (Fig.  5).  Sorption  was  rapid  from  ASWG  (7  mg/1) 
aiH  mo-lcrace  Item  ASW,  Further  Investigations  revealed  that  the  Irreversible 
sorption  of  K3  was  lowered  dr  an. at  ically  even  at  glucose  levels  of  14  and  ?.] 

!■!}•/ 1  (Table  2).  Flocculation  of  bacteria  in  the  bulk  suspension  was  observed 
in  there  treatments  where  sorption  was  greatest. 

An  examination  of  electron  microscope  grids  immersed  in  the  above  treat¬ 
ments  revealed  large  numbers  of  bacteria  on  those  from  ASWG  (7  mg).  All 
these  bacteria  produced  extracellular  polymeric  fibrils.  In  some  instances, 
it  appeared  that  some  sorbed  bacteria  had  been  sheared  from  the  grid  surface 
by  washing,  leaving  polymer  "footprints"  of  the  bacteria  on  the  grid  surface 
(Plate  1,  Fig.  4).  Very  few  cells  were  found  on  grids  from  the  ASWG  (14  mg) 
and  ASWC.  (21  rag)  treatments.  Some  cells  showed  little  evidence  for  polymer 
production  (Plate  2,  Fig.  5),  while  others  appeared  to  product  abundant  pr.lyr.ar 
(Place  2,  Fig.  6). 

Although  the  ASW  medium  contains  both  NH^Cl  and  NaNO^  as  nitrogen  sources, 
investigations  with  the  individual  salts  at  equivalent  nitrogen  levels  re¬ 
vealed  that  the  form  of  nitrogen  did  not  influence  growth  and  the  irreversible 
sorption  of  R3  to  glass  surfaces.  Since  all  the  nitrogen  in  the  basic  ASW 
medium  wa3  available  to  R3,  then  the  C/N  ratios  ranged  from  0.17  in  aSWG 
(7  mg/l)  to  1.70  In  ASWG  (70  mg/1) .  Consequently  all  of  these  media  are 
carbon  deficient,  a  fact  that  raises  some  questions  ac  to  the  mechanism  of 
production  of  extracellular  polymeric  materials  under  such  conditions. 

Effect  of  divalenr  cations  on  Irreversible  sorption  of  Pseudomonas  R3 

2+  2+  2- 

The  deletion  of  Ca  and  Mg  (with  Na^SO^  added  to  provide  S0^  )  from 

ASWG  prevented  the  irreversible  sorption  of  Pseudomonas  R3  (Fig.  6).  The 


resjltn  show  chat  the  trerc  addition  of  Ca2  1  and  Mg2+  to  2.5°/o  NaCi  +  glucose 

docs  net  etimulate  Che  sorption  of  R3  from  such  a  medium.  Total  numbers  of 

I'.d  in  tho  bulk  suspension  remained  constant  in  all  but  the  ASWG  (7  mg) 

treatment,  where  rapid  sorption  appeared  to  be  related  to  the  limited  growth 

of  the  bacteria.  Few  bacteria  adhered  to  electron  microscope  grids  Immersed 
2+  24 

in  the  ASWG  (-Ca  ,  -Kg  )  treatments.  Those  that  were  observed  showed  no 
evidence  of  polymer  production  (Plate  2,  Figs.  7  and  8). 

2+  24- 

Although  Irreversible  sorption  is  inhibited  when  both  Ca  and  Mg  are 
deleted  from  ASWG,  sorption  does  occur  when  either  one  of  the  divalent  cations 
is  deleted  from  the  medium  (Table  3).  The  degree  of  sorption  from  the  various 
media  (Table  3)  appears  to  be  related  to  the  growth  of  Pseudomonas  R3  in  the 
media  (Fig.  7).  Flocculation  was  observed  consistently  in  the  ASWG  and 
ASWG  (-Mg2+)  treatments,  but  not  in  the  ASWG  (-Ca2+)  and  ASWG  (-Ca2+,  -  Mg2+) 
treatments.  Thus,  flocculation  (bacterium-bacterium  interaction)  in  the  bulk 
suspension  does  not  necessarily  involve  the  same  mechanisms  as  sorption 
(bacterium-glass  interaction)  to  a  different  surface. 

Effect  of  age  of  inoculum  on  irreversible  sorption  of  Pseudomonas  R3 

An  attempt  was  made  to  demonstrate  the  requirement  for  active  growth  in 

bacteria  for  sorption  by  the  addition  of  both  log  phase  and  stationary  phase 

cells  of  R3  to  the  test  media.  Sorption  of  young  (log  phase)  bacteria  from 

ASWG  was  much  faster  than  that  of  older  bacteria  (Fig.  8),  but  all  the  young 

cells  were  lysed.  Within  24  hrs.  the  originally  turbid  bacterial  suspension 

ip.  ASWG  had  completely  lysed.  Neither  growth,  lysis,  nor  sorption  were 

24-  24- 

observed  with  young  cells  in  ASWG  (-Ca  ,  -Mg  ),  It  is  possible  that  lysis 


of  young  cells  in  ASWG  may  have  resulted  from  a  weakening  of  the  cell  wall 
during  further  growth  of  these  actively  metabolizing  cells. 
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In  the  sorption  ot  r-.iine  b;«.i  »*r  >n  to  smi.iccs,  different  mechanisms 
must  be  involved  in  the  ca.'-fntial  )y  i  .St  ant  a  rooms  reversible  phase  and  in 
the  time -(and  probably  tii)  dopen  emt  irreversible  phase  of  sorption. 

Reversible  corp t ion 

‘Hie  results  obtained  for  the  effects  of  different  concentrations  of  mono¬ 
valent  and  divalent  electrolytes  on  tno  reversible  sorption  of  Adi  rouiobacter  R8 
suggest  that  this  phenomenon  ruay  be  explained  in  terms  of  the  Der Jaguin-Landau 
and  Verwey-Overbeek  theory  (Shaw,  1966;  Weiss,  196b).  This  theory  involves 
en  estimation  of  the  magnitude,  and  variation  with  interpartlclc  distance, 
of  the  London-van  der  Waals  attractive  energies  between  two  surfaces  and  the 
electrical  repulsive  energies  resulting  from  the  overlapping  ionic  atmospheres 
(diffuse  double- layers)  around  the  surfaces. 

The  energies  of  interaction  between  cells  of  Pseudomonas  R3  and  a  glace 
surface  at  different  values  for  the  double-layer  thickness  have  been  computed 
by  Dr.  James  Harlos  and  Dr.  Leonard  Weiss,  Dept,  of  Experimental  Pathology, 
Roswell  Park  Memorial  Institute,  Buffalo,  N.Y.  This  was  done  with  a  programme 
based  on  a  rearranged  version  of  the  formula  derived  by  Hogg,  Healy  and 


Fuerstenan  (1966): 


V  ■  V  +  V 
T  R  A 


where  V  ■  repulsion  energy 


+  *2)2  in  (1  +  e*1®)  +  (tx  -  *2)2  In  (l  -  e’1®)] 


•  sttraccion  energy 


.*  /V2_\  1 

6  l ■,+»;)  H 
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whore  a  Is  the  radius  of  curvature  of  the  particle,  ■  10^  %  (glass)  and 

a  ■  0 (bacterium);  y  is  the  surface  potential  of  a  particle,  4-  •  -15mV 

(Blass),  \|r.;  ■*  -25raV  (bacterium);  K  is  the  inverse  Debye-Huckel  length,  1/K 

varies  from  6.85  X  at  2  x  10  Si  NaCl  and  200  X  at  2  x  10  ^  M  NaCl;  H  is 

the  distance  of  closest  approach  of  the  2  particles;  P  is  the  dielectric 
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constant  (of  water);  A  is  Hamaker's  constant  (vising  values  of  S  x  10  and 
5  x  10  15  ergs) . 

The  series  of  curves  in  Fig.  9  demonstrate  the  increase  In  magnitude 
of  the  resultant  repulsion  curves  and  the  Increase  in  particle  separation 
with  decreasing  electrolyte  concentration  (increasing  values  of  1/K).  At 
high  electrolyte  concentrations,  a  secondary  minimum  ("attractive  trough") 
is  apparent.  Hie  progressive  increase  in  repulsion  energy  with  decreasing 
electrolyte  concentration  closely  parallels  the  observed  decrease  in  reversible 
sorption  of  Achronobacter  R8  (Fig.  2).  The  extent  of  tho  repulsion  barrier 
at  a  value  of  1/K  of  200  X  is  shown  in  Fig.  10  for  two  different  values  of  A. 

In  the  reversible  phase  of  sorption  in  seawater  or  2.5°/o  NaCl  it  is 

likely  that  cells  of  R3  arc  attracted  to  the  point  of  the  secondary  minimum, 

a  small  but  finite  distance  from  the  glass  surface.  It  is  unlikely  chat 

thermal  motion  would  provide  sufficient  energy  for  the  bacteria  to  overcome 

the  repulsion  barrier.  In  fact,  the  kinetic  energy  of  motile  cells  of 
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Pseudomonas  R3  (16.5  x  10  ergs)  is  not  sufficient  to  overcome  the 
repulsion  barrier  at  any  value  for  1/K  shown  in  Fig.  9.  The  magnitude  of 
the  attractive  energy  at  the  secondary  minimum  may  not  be  sufficient  to 
hold  the  bacteria  against  the  shearing  effect  of  the  rinsing  process.  The 
movie  films  clearly  showed  that  motile  cells  of  Pseudomonas  R3  can  break 
away  from  the  surface,  although  the  attractive  energy  does  hold  such  cells 
against  violent  rotational  movements  resulting  from  flagellar  activity. 


r 
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Irrev uraible  r.nrp :  i  on 

The  Irreversible  phase  of  sorption  implies  a  firmer  adhesion  of  bacteria 

to  a  surface,  Polymeric  bridt-ing  between  the  bacterial  surface  and  chut  of 

the  test  Surface  might  provide  a  mechanism  for  overcoming  the  repulsion 

barrier  between  such  surfaces.  Such  a  mechanism  has  been  proposed  for  the 

adhesion  of  tissue  cells  (koscona,  1962)  and  sponge  cells  (Humphreys,  1965), 

and  for  the  flocculation  of  microbial  cells  (Tenney  and  Stunm,  1965;  Busch 

and  Sturom,  1968).  The  electron  micrographs  presented  provide  evidence  for 

the  production  of  polymeric  fibrils  by  Pseudomonas  R3.  The  nature  of  the 

polymeric  material  has  not  been  investigated.  Where  the  bacteria  are  unable 

2+  2+ 

to  grow,  as  in  the  ASWG  (-Ca  ,  -  Mg  )  medium,  polypor  was  not  detected  and 
irreversible  sorption  did  not  occur.  The  observation  that  polymer  "footprints" 
are  left  behind  when  cells  are  sheared  from  the  surface  suggests  that  this 
polymer  is  more  tightly  bound  to  the  glass  surface  than  to  the  bacterial 
cell.  Tltls  may  result  from  the  polymer  bridging  the  repulsion  barrier  and 
becoming  firmly  chemisorbed  to  the  glass  surface. 

The  fact  that  extremely  low  levels  of  available  c«r'oon  stimulated 
irreversible  sorption  while  higher  levels  inhibited  this  process  may  be 
very  important  in  terms  of  microbial  ecology.  In  natural  seawaters  the 
available  carbon  levels  are  usually  very  low,  end  such  condition:  . iobably 
favour  the  firm  adhesion  of  microorganisms  to  surfaces  immersed  in  such 
environments.  The  reason  for  these  effects  of  different  glucose  levels  is 
not  clear.  During  the  limited  growth  of  Pseudomonas  K3  at  low  carbon  levels 
the  cells  may  become  "leaky"  and  may  extrude  internal  macromolecular  material. 
The  lack  of  sorption  of  bacteria  at  higher  glucose  levels  might  indicate  that 
the  cells  are  more  normal  (less  leaky).  When  the  bacteria  cannot  grow,  as 


11-13 


2 1-  2-t- 

iu  rSrl G  (*C.i  ,  -  Mg  )  medium,  tlioy  may  not  develop  leakiness  and  polymer 

i  iv  not  be  produced.  This  possibility  la  aupported  by  the  observation  that 
v  tinj;  (lor,  phase)  cells  In  such  do  not  lyse,  while  similar  bacteria  in  complete 
/y..!C,  medium  rapidly  lyee. 

The  jhscrved  effects  of  deletion  of  divalent  cationa  from  the  complete 

2+  2+ 

AS.i’G  medium  suggest  that  the  lack  of  sorption  when  both  Ct  and  Mg  are 
lacking  is  related  to  a  lack  of  growth  of  Pseudomonas  R3.  When  only  one  of 
the  divalent  cations  was  deleted,  growth  occurred  and  was  related  to  the  degree 
of  irreversible  sorption. 

Other  factors  are  probably  involved  in  both  phases  of  sorption  of  bncteria 
to  surfaces.  The  sorption  to  a  surface  of  monolayers  of  various  nacro- 
tuolccules  present  in  seawater  or  even  in  bacterial  cultures  might  drastically 
altoi  such  physical  characteristics  of  the  surface  es  wettability  and  surface 
charge  properties  (Baler,  Shafrin  and  Zisman,  19b8) . 

This  project  was  supported  by  a  grant  (N0001&-67-A-0298-0026)  from  the 
Office  of  Naval  Research.  The  authors  gratefully  acknowledge  the  help  of 
Dr.  J.  Harlos  and  Dr.  L.  Weiss  for  the  computations.  Dr.  L.  Spielman  for 
helpful  suggestions,  and  Mr.  G.  Pearce  for  assistance  with  the  electron 
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All  figure 


Figure  1. 
Figure  Z. 

Figure  3. 

Figure  4. 


F.\planatiun  of  Plates 

are  electron  micrographs  of  Pseudomonas  sp.  strain  R3. 

Plate  1 

Single  polar  flagellum  of  R3. 

Extracellular  polymeric  fibrils  on  bacteria  sorbed  on  grid 
immersed  in  artificial  seawater. 

As  in  Figure  Z,  but  grid  immersed  in  artificial  seawater  + 
glucose  (  7  mg/1). 

Polymer  "footprints"  remaining  after  bacteria  were  sheared 
from  the  grid  surface. 
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l*'in ure 


Figure  6 


Figure  7 


K inure  8 


Plate  l 


Grid  immersed  in  artificial  seawater  +  glucose  (14  mg/1). 
Bacterium  showing  no  extracellular  polymer  production. 

As  in  Figure  S,  hut  bacteria  showing  abundant  polymer 
production. 

Bacterium  lacking  extracellular  polymeric  fibrils.  From 
ASWG  without  Ca^+  and  Mg^+. 

As  in  Figure  7. 
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Table  1.  Effect  of  divalent  cations  In  artificial  seawater 
on  the  reversible  sorption  of  Pseudomonas  R3 


Medium 

ASWG 

ASWG  (-Ca2+) 

ASWG  (-Mg2+) 

2+  2+ 
ASWG  (-Ca  ,  -  Mg  ) 


2 

No.  bacteria  aorbed/cm 

5.35  y  103 
5.27  x  103 
5.58  x  103 
5.42  x  103 


JjllllHIiiUiii-. . U-bil'-'Uiiti-iwi-'.'iii 
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Table  2.  E.fr'ect  of  glucose  levels  in  artificial  seawater  on 
growth  und  irreversible  sorption  of  Pseudomonas  R3 


No.  bacteria/ml. 


2  3 

No.  bacteria  sorbed/cm  (x  10  ) 


Glucose  (mg/l) 

after  24 

hrs.* 

20  hr 

4  days 

0 

14.8  x 

44.6 

488 

7 

26.1  x 

65.8 

514 

14 

33.2  x 

io7 

2.3 

78 

21 

44.1  r. 

10  7 

2.1 

31 

*  Initial  inoculum 

a  10.0  x 

107  bacteria/ral 

^  Flocculation  evident  in  the  bulk  suspension 
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Table  3.  Effect  of  divalent  cations  In  artificial  seawater 
on  the  Irreversible  sorption  of  Pseudomonas  R3 


no.  bacteria 

sorbed  /  cm 

Medium 

24- hour 

48-hour 

ASVJG 

3* 

242  x  10J 

464  x  103* 

ASWG  (-Co2+) 

3* 

155  x  10J 

3* 

400  x  10J 

ASWG  (-Mg2+) 

3* 

126  x  1<T 

280  x  103* 

2+  2+ 
ASVJG  (-C«  ,  -Mg  ) 

0 

0 

* 


Flocculation  evident  in  the  bulk  suspension 
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Figure  1.  A  diagrammatic  interpretation  of  the  reversible  sorption  of 

Pseudomonas  R3  to  a  glass  surface:  ( a)  and  ( b)  illustrate  the 
rotational  movements  of  motile  bacteria  in  an  edge-to-face 
and  a  face-to-face  manner,  respectively;  (c)  face-to-face 
sorption  of  non-rnotile  bacteria. 


LOG.  ELECTROLYTE  CONC.  (M) 


Figure  2.  Reversible  sorption  of  Achromobacter  R8  and  the  theoretical 


double- layer  thickness  (^-)  in  relation  to  electrolyte  concen- 


tration  and  valency 


.□ - □  ,  for  NaCl;  o-o.  for 


MgS04; 


,  sorption  of  R8  from  NaCl; 


,  sorption 


4 

i* 


of  R  from  MgSO  . 

O  '*  t 


NO.  BACTERIA  SORBED/tm2(xl03) 


Figure  4,  Effect  of  glucose  concentration  on  the  multiplication  of 

Pseudomonas  R3  in  ASW.  0  0  ,  ASW;  0-0  ,  ASW  + 

glucose  (  7  mg/1);  A  A  •  ASW  +  glucose  (  30  mg/1); 

Jk - ±  •  ASW  +  glucose  (  70  mg/l). 


S  i 


t 


iMtBHMiitT**-  •**! . . 


NO.  BACTERIA  SORBED/fcm2 (x|Q3) 


TIME  (hrs.) 


Effect  of  divalent  cations  on  the  irreversible  sorption  of 
Pseudomonas  R3  from  NaCl  and  ASW.  A~  A  »  2.  5% 
NaCl  +  glucose;  A  ,  5%  NaCl  +  glucose 

(  +  Ca2  +  ,  +  Mg^  +  );  O^— 0  ,  ASW  +  glucose;  0—0,  j 
+  glucose  (  -C2'*',  -Mg  ). 


NO.  BACTERIA 


Figure  8.  Effect  of  age  of  inoculum  on  reversible  sorption  of 
Pseudomonas  R3  from  ASWG.  0  &  ,  log.  phase 

bacteria  in  ASWG,  all  bacteria  lysed;  A- — A  ,  log.  phase 
bacteria  in  ASWG  (  -Ca2  +  ,  -Mg^+),  no  lysis,  Q — O  ’ 

stationary  phase  bacteria  in  ASWG,  no  lysis;  A - A  • 

stationary  phase  bacteria  in  ASWG  (  -Ca^+,  Mg^+),  no  lysis. 
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1/K  =  200$ 


i/k=ioo$ 


1/K  =50$ 


l/K  =  25$ 


1/K  =  10  $ 


1/K  =  9\ 

6.85  & 


80  & 


PART  1C  LX  SEPARATION 


Figure  9.  Computed  curves  of  the  energy  of  interaction  between  glass 
and  bacterial  ( Achromobacter  R8)  surfaces  at  varying 
electrolyte  concentrations  (varying  double-layer  repulsion) 
using  a  value  for  A  of  5  x  10*^  ergs. 


Figure  10.  Energy  of  interaction  between  glass  and  bacterial 

{ Achromubacter  R8)  surfaces  for  different  values  of  the 

"’maker  constant  (A)  when  —  =  200  X.  Top  curve,  A  4 


15 


K 


ergs;  bottom  curve,  A 


5  x  10  ergs. 
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1  h  J 

In  Part  I  a  distinct  sequence  of  sorption  of  different  bacterial  types  has  been  ob-« 
served  both  on  glass  slides  and  electron  microscope  grids  immersed  in  seawater  for  j 
periods  of  up  to  24  hours.  A  comparison  of  the  bacterial  groups  initially  attracted  to  j 
a  surface  with  those  subsequently  adhering  firmly  to  the  surface  suggests  a  selective  i 
irreversible  sorption  of  certain  groups  of  marine  bacteria.  Firm  adhesion  of  bacteri 
in  the  short  time  periods  considered  does  not  involve  pi li  or  holdfast  structures.  Th< 
ability  to  produce  extracellular  polymeric  fibrils  may  be  important  in  such  selective 
sorption. 

•■-In  Part  II  two  phases  in  the  process  of  sorption  of  marine  bacteria  to  surfaces 
have  been  defined  as  (a)  an  instantaneous  reversible  phase,  and  (b)  a  time-dependent 
irreversible  phase. 

Reversible  sorption  of  the  non-motile  Achromobacte  r  sp.  strain  R8  decreases  t 
zero  as  the  electrolyte  concentration  decreases,  or  as  the  thickness  of  the  electrical 
double-layer  increases.  The  electrolyte  concentration  at  which  all  bacteria  are  re¬ 
pelled  from  the  glass  surface  depends  on  the  valency  of  the  electrolyte.  The  reversi¬ 
ble  phase  of  sorption  is  interpreted  in  terms  of  the  balance  between  the  electrical 
double-layer  repulsion  energies  at  different  electrolyte  concern  rations  and  the  van  de 
Waals  attractive  energies.  Even  at  the  electrolyte  concentration  of  seawater,  the 
bacteria  probably  are  held  at  a  small  but  finite  distance  from  the  glass  surface  by  a 
repulsion  barrier.  The  rotational  motion  of  the  motile  Pseudomonas  sp.  strain  R  3  at 
a  liquid-glass  interface  is  considered  in  terms  of  the  concept  of  reversible  sorption. 
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